Silicone elastomers are increasingly being used in science and technology because of their unique properties -they are heat-and frost-resistant, durable when exposed to the atmosphere and physiologically inert, and they feature high dielectric values over a wide range of temperatures and frequencies; and the list continues. In terms of strength, however, they are inferior to organic cured rubber products, and this strength is largely governed by the nature of the filler material used. This means there is an urgent need for work to investigate possibilities of producing silicone elastomers with high strength values through the selection of a suitable filler.
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Silicone elastomers are increasingly being used in science and technology because of their unique properties -they are heat-and frost-resistant, durable when exposed to the atmosphere and physiologically inert, and they feature high dielectric values over a wide range of temperatures and frequencies; and the list continues. In terms of strength, however, they are inferior to organic cured rubber products, and this strength is largely governed by the nature of the filler material used. This means there is an urgent need for work to investigate possibilities of producing silicone elastomers with high strength values through the selection of a suitable filler.
Synthetic silica is currently extensively used to improve the physical and mechanical values (tensile strength, elongation, etc.) of silicone rubber vulcanisates. The use of silica fillers enables the physical and mechanical properties of silicone rubber vulcanisates to be improved by several times.
The international classification recognises three main types of silicone rubber that are currently in production: HTV (high-temperature vulcanisation), RTV (room-temperature vulcanisation) and LSR (liquid-silicone rubber vulcanised at high temperature).
HTV rubber production is based on high-molecular polydimethylsiloxanes, polymethylphenylsiloxanes, methyltrifluoropropylsiloxanes or their copolymers containing methylvinylsiloxy-groups in the polymer chain. To adjust the functional properties for specific purposes, the above rubber types may also be modified through the introduction of diphenyl-, methyl(2-cyanoethyl)-and other diorganosiloxane links. Curing is usually effected using the peroxide (organic peroxides) or addition (with methylhydride siloxanes in the presence of a platinum catalyst) mechanisms. Crosslinking of HTV silicone rubber using organic peroxides takes place at temperatures above 100°C through their breakdown into active radicals which help to form chemical bonds between polysiloxane chains [1] . Crosslinking in the addition mechanism takes place through interactions between Si-H groups in the crosslinking reagent and vinyl groups in the rubber in the presence of a platinum catalyst [1] . These chemical bonds are insufficient to produce vulcanisates with a high level of mechanical strength. Reinforcement is achieved by introduction of a silica filler which forms strong physical bonds with the polyorganosiloxane polymer chains. RTV rubber production is based on liquid polydimethylsiloxanes, polymethylphenylsiloxanes, methyltrifluoropropylsiloxanes or their copolymers with end hydroxyl or vinyl groups. Curing of the rubber takes place through a polycondensation or addition mechanism. Two main types of RTV are distinguished: RTV1 -single-component composites (sealants), which are supplied to the customer in finished form in a moistureresistant pack, as they contain a crosslinking reagent. These composites set with exposure to atmospheric moisture; RTV2 -two-component composites (compounds) which are supplied to the customer as two componentsthe base and the crosslinking reagent. These composites only set when the components are mixed, either in air or without access to air. LSR rubber production is based on liquid polydimethylsiloxanes, methyltrifluoropropylsiloxanes or their copolymers with end vinyl groups. Curing of the rubber takes place through an addition mechanism. One feature of these two-component rubber products is rapid setting at high temperatures. They are supplied to the customer as two components -the base and the crosslinking reagent. These composites are used in high-output moulding machines, and only set when the components are mixed, either in air or without access to air.
Because of the wide range of demands placed on the process properties of the initial rubber mixes and on the physical/mechanical properties of their vulcanisates, an extensive series of modifications of synthetic silicon dioxide has been developed for use as fillers in silicone rubber products. Synthetic silica is produced in a variety of ways, and the varieties are classed by the way they are made: pyrogenic, precipitated and produced by sol-gel processes in the molecular network of silicone rubbers.
Industry is currently producing the pyrogenic and precipitated modifications of silicon dioxide.
SyNthEtIC SIlICa PRoduCtS -PRoduCtIoN MEthodS aNd PRoPERtIES
The way in which pyrogenic synthetic silicon dioxide is currently produced is based on high-temperature hydrolysis of SiCl 4 in an oxygen-hydrogen flame at a temperature of 1000°C:
In 1941, Degussa AG developed and patented this process of producing pyrogenic silicon dioxide with the trade name AEROSIL ® [2, 3] . The main objective was to use "silica" (white soot) as an alternative to the black active fillers used to improve the mechanical properties of organic rubber. Pyrogenic silicon dioxide was first used as a silicone rubber filler by the company Dow Corning in 1947. High-temperature hydrolysis of silicon tetrachloride in a hydrogen-oxygen flame gives rise to the formation of a very light, bluish-white silicon dioxide powder. Depending on the combustion conditions, spherical particles of amorphous silicon dioxide are formed, with a mean size of 7-40 nm.
The surface of a pyrogenic silica particle is relatively smooth and consists of a three-dimensional siloxane network. Because of strong intermolecular, and possibly also chemical interaction, primary particles form firm agglomerates between a few tens and hundreds of nanometres in size, which stay together during various production processes involved in the manufacture of composites [3] . Interacting together, the agglomerates form conglomerates of various levels and sizes, which may break up under processing conditions. The degree of fragmentation of the conglomerates depends on the composite material production process. The most extensive fragmentation of conglomerates is observed with ultrasound treatment.
On the surface there are also silanol groups, which may play an active part in chemical processes on interaction with rubber. This may lead to: uncontrolled curing of filled silicone rubber composites ("scorching"); the appearance of a thixotropic effect through hydrogen bonds between filler hydroxyl groups and rubber, leading to the formation of a spatial grid structure; sorption of water, leading to a diminution in the reinforcing effect, the appearance of a hydrophilic effect and a capacity to be wetted by water.
A hydrophobisation method is widely used to eliminate hydroxyl groups from the surface of pyrogenic silica. The most effective hydrophobising agents for pyrogenic silica products used as fillers in silicone rubber are organosilicon compounds, as they possess a high level of thermal stability, hydrophobicity and compatibility with siloxane rubber. Hexamethyldisilazane, dimethyldichlorosilane, polydimethylsiloxane, organocyclosiloxanes and other organosilicon compounds are used as hydrophobising agents [1, 4] .
Hydrophobic treatment significantly alters moisture absorption in pyrogenic silica products. Comparison of the moisture absorption of hydrophobised AEROSIL R972 and hydrophilic AEROSIL 130, which has a comparable specific surface, shows that while AEROSIL R972 adsorbs only 0.05% of water at a relative humidity of 80%, hydrophilic AEROSIL 130 adsorbs roughly 20 times more.
Industry currently produces pyrogenic hydrophilic and hydrophobic silica products with a specific surface of 50-400 m 2 /g, according to measurements made using the BET method [4] , and with a packing density of 40-230 g/l. Physical and chemical values for these industrially-produced pyrogenic silica products and their names are given in table 1.
Precipitated silicon dioxide is produced by precipitation of polysilicic acid on interaction between sodium silicate and acids and subsequent thermal dehydration:
During production of precipitated silica products, spherical nano-size particles are formed which consist of a three-dimensional siloxane network with a high hydroxyl group content on the surface; these play an active part in processes of polycondensation to form strong agglomerates -highly-porous spherical particles of micron size (1-15 µm) with a large specific surface (50-750 m 2 /g) (EVONIC (Degussa) -SIPERNAT ® , Rhodia -ZEOSIL ® , Shreeji fine chem -UNISIL ® ). The hydroxyl group content on the surface of precipitated silica products is 3-5 times higher than for pyrogenic silica. Losses on drying (2 h at 105°C) are 0.5-1.5% for pyrogenic silica and 3-6% for precipitated.
The size and specific surface of primary particles, and also their agglomerates, depend to a large extent on the precipitation conditions. Production processes have currently been developed for precipitated silica products with a particle size of 1-15 µm and surface of 50-750 m Table 2 .
Data from water adsorption isotherms for hydrophilic and hydrophobic precipitated silica of grades SIPERNAT 160 and SIPERNAT D17 also show a substantial reduction in moisture absorption by hydrophobic silica. At 90% humidity, moisture absorption is ~5% for SIPERNAT D17 and ~18% for SIPERNAT 160 [1] .
Initially, precipitated silica products were only used as semi-reinforcing or secondary fillers. But their lower price, the simplicity of the production process and the major improvement in quality which has been seen in recent times, and which has led to an enhancement of their reinforcing properties, have combined to promote a rapid rise in production volumes for these fillers and their use to produce rubber composites based on silicone rubber.
IMPaCt oF FIllERS oN PRoPERtIES oF htV CoMPoSItES
Generally an HTV rubber composite will consist of a high-molecular silicone rubber, one or more fillers and the peroxide needed for the crosslinking reaction. Depending on the features required, various additives will be added, such as plasticisers, stabilisers and pigments [1] .
To eliminate spontaneous curing of silicone rubber as a result of interaction between rubber and silica filler, manufacturers may influence the properties of the silica by preliminary treatment of it using a variety of reagents that block hydroxyl groups on the surface, or by introducing these components into the composite during preparation of the rubber stock. The former method, which is called hydrophobisation, is generally carried out at the manufacturer's premises. The latter method is known as "direct hydrophobisation", and is only applied when the rubber stock is being prepared. In both cases the aim is to alter the active filler in such a way as to guarantee easy subsequent processing of the main stock even after lengthy periods of storage [1] . The most effective additives to rubber composites to prevent spontaneous crosslinking of rubber stock are diphenyldihydroxysilane (DPS), methylphenyl dimethoxysilane (SM-2) and shortchain α,ω-dihydroxyoligodimethyl siloxanes (ND).
Hydrophobic silica products are used to produce compositions with improved mechanical properties, as they enable the filling level to be substantially increased. Use of hydrophobic fillers also enables the process of mixing of rubber stock components to be simplified. The viscosity of rubber composites rises as the specific surface of the filler increases, and falls with a transition from non-modified filler to modified.
One of the most important characteristics influencing the properties of silicone rubber composites is the specific surface of the pyrogenic silica product. To evaluate the impact of the specific surface of the filler on mechanical values, rubber stocks were produced that were based on polydimethylsiloxane rubber with a small number of vinyl groups -SILOPREN ® VS (made by General Electric Bayer) and AEROSIL with differing specific surface of the following composition (parts by wt.): silicone rubber -100, AEROSIL -40, process additives -0-6, bis-(2,4-dichlorobenzene) peroxide -0.5. The product ND was used as an additive to prevent spontaneous crosslinking of the rubber stock. The compositions were produced on a two-roll mill at room temperature. With subsequent addition of a crosslinking agent, specimens were cured at temperatures above 100°C, then thermostatted for 6 h at 200°C in a circulating air drying cabinet [1] .
Use of ND modifier also gives rise to an improvement in mechanical characteristics when fillers with various specific surfaces are used. When 6 parts by wt of ND modifier were added, the breaking elongation rose by between 220 and 600% (without modifier -220%) for a specific surface value of 130 m 2 /g. At a specific surface value of 300 m 2 /g. the elongation falls to 300% (without modifier 200%), from which it may be seen that the effectiveness of the modifier diminishes as the specific surface increases.
The tear resistance (Figure 1) , tensile strength ( Figure 2) and Shore A hardness rise steadily as the specific surface of the AEROSIL increases. The breaking elongation diminishes as the specific surface of the pyrogenic silica increases (Figure 3 ).
An increase in the AEROSIL concentration causes an increase in Shore A hardness and a decrease in breaking elongation. The tensile strength (Figure 4) and the tear resistance rise as the filler content increases, pass through a peak and then diminish. We may therefore say that there is an optimum filler concentration for each specific surface, and when it is exceeded a diminution in tensile strength is observed. Comparison of the strength characteristics of silicone rubber products filled with hydrophilic AEROSIL 300 or its hydrophobic modifications AEROSIL 106 (dimethyldichlorosilane (DMDCS) and AEROSIL R812S (hexamethyldisilazane (HMDS)) (40 parts by wt.) revealed that hydrophobic pyrogenic silica products are more effective than hydrophilic silica products in strengthening HTV silicone rubber products [1] . AEROSIL R812S has trimethylsilyl groups on the silica surface and features the highest percentage (~3.5%) of chemicallybound carbon [1] .
As the hydrophobic strength of AEROSIL increases, a decrease in Shore A hardness is observed, along with an increase in tensile strength and tear resistance. The present authors suggest that the increase in mechanical strength is caused by a reinforcement of the physical network through interaction between polymer chains and organosilicon groups grafted to the surface of modified silicon particles.
A comparison was made of the properties of HTV vulcanisates prepared using pyrogenic silica products -hydrophilic AEROSIL 200, hydrophobic AEROSIL R974 -and precipitated silica products -hydrophilic SIPERNAT 160 and hydrophobic ULTRASIL VN3 and SIPERNAT D17. The strength values for vulcanisates containing hydrophobic and hydrophilic precipitated silica are almost identical, despite the different specific surface. The tear resistance of vulcanisates filled using pyrogenic silica is higher than that of vulcanisates filled using hydrophilic and hydrophobic precipitated silica products. High breaking elongation and Shore A hardness values were obtained with use of all the silica products. But the point should be made that for vulcanisates filled using modified silica products, the Shore A hardness is lower and the elongation greater than for those produced using non-modified silica products. Vulcanisates filled using precipitated silica have lower residual compressive strains [1] .
Figure 1. Dependence of tear resistance (T s ) on specific surface (S) in BET method for AEROSIL (40 parts by wt.). 1-with modifier, 2 -without modifier

Figure 2. Dependence of tensile strength (σ) on specific surface (S) in BET method for AEROSIL (40 parts by wt.). 1-with modifier, 2 -without modifier
Figure 3. Dependence of breaking elongation (ε) on specific surface (S) in BET method for AEROSIL (40 parts by wt.). 1-with modifier, 2 -without modifier
Figure 4. Dependence of tensile strength (σ) for silicone rubber on AEROSIL concentration: 1-AEROSIL 300, 2 -AEROSIL 200, 3 -AEROSIL 130
Study of the impact of anti-scorching additives of the TM, SM-2 and DFS types on the processing properties of HTV rubber revealed that introduction of them makes it possible to reduce the wetting time and viscosity of HTV rubber products.
The change in the Mooney viscosity of rubber composites filled with hydrophilic AEROSIL (in the presence of ND) shows that the condensing effect rises as the specific surface grows. Wetting of AEROSIL 300 with ND modifier takes substantially longer and the condensing effect is much greater than is the case when silica products with a smaller specific surface are used. When non-modified silica products are used, to achieve effective mixing, it is recommended that this be done at temperatures above 100°C.
Determination of the Mooney viscosity of rubber stocks shows that AEROSIL 300 has a greater condensing effect than AEROSIL R106 (product of modification of AEROSIL 300 D4, with dimethylsilyl groups on the surface). When AEROSIL R812S is used (HMDS modified), the need for mixing at high temperatures lapses, because of the presence of trimethylsilyl groups on the silica surface.
Study of the viscosity of composites containing AEROSIL 300, AEROSIL R106, AEROSIL R812S, SIPERNAT 160 and SIPERNAT D17 showed that the condensing effect of precipitated silica products is less than for hydrophilic pyrogenic silica products, and that hydrophobic precipitated silica products manifest a smaller condensing effect than hydrophilic products.
Silicone rubber is colourless and highly translucent. There are two main factors that influence the translucence of compositions: the silica particle size and the refraction values of polymer and filler. The influence of particle size may be considered using silicone compounds containing AEROSIL as filler as an example.
Determination of the translucence of rubber products filled with various pyrogenic silica products shows that it rises with the specific surface. The translucence of vulcanisates rises with a transition from hydrophilic to hydrophobic AEROSIL and with an increase in the hydrophobic strength. So translucence increases from AEROSIL R106, which contains dimethylsiloxy groups on its surface, to AEROSIL R812S, containing trimethylsiloxy groups on its surface. Hydrophobic AEROSIL grades are especially suitable as the difference in the refraction values between polymer and filler is very small.
The water repellence of a polymer has a major impact on its use as a sealing material. Silicone rubber is naturally resistant to many chemicals. High temperatures, high pressure and water may, however, give rise to hydrolysis of the siloxane bond and a depolymerisation process. The water repellence of silicone HTV vulcanisates, and also their mechanical properties, were studied with specimens held in boiling water. Vulcanisates containing precipitated silica products adsorbed significantly more moisture than those with AEROSIL filler. The water absorption also diminished when hydrophilic AEROSIL grades were replaced by hydrophobic ones [1] .
INFluENCE oF FIllERS oN PRoPERtIES oF RtV CoMPoSItES
Low-molecular siloxane rubbers containing end silanol or vinyl groups are used as a basis for the production of rubber composites cured at low temperature, which are produced by industry as sealants and compounds. In this case silica is used to condense the composites, to give them thixotropic properties and also to improve the physical and mechanical properties of vulcanisates.
The properties of composites and vulcanisates based on them may be altered within broad limits by changing the composition and the manufacturing process, as is well demonstrated in work [5] . The authors of this work looked at the properties of RTV1 composites produced using SILOPREN E50 rubber with silanol end groups (with a dynamic viscosity of 50000 cP). The make-up of the composites is given below (in % by wt. The organosilicon rubber, the M 1000 oil, the crosslinking agent and the adhesion accelerator were homogenised for 1 min in a 1.5 litre planetary blender. Silica was then introduced in two stages and dispersed for 5 min in a vacuum (mixer at 100 rpm, blender at 2000 rpm). When the catalyst was added, the vacuum dispersion process was continued for a further 5 min. The composition obtained was then packed into sealed tubes. Table 3 shows data on the properties of silicone composites with AEROSIL fillers of various specific surfaces, and their vulcanisates.
It may be seen from Table 3 that as the filler surface increases, a rise in viscosity and yield stress is seen alongside a fall in the extrudability of the rubber composites. The translucence of the silicone compound and the vulcanised end product increases with a rise in the specific surface of the silica. For vulcanisates, as the specific surface of the AEROSIL increases, an increase in tensile strength and tear resistance is observed. This factor has a negligible impact on breaking elongation and Shore A hardness.
Using AEROSIL R972 as an example, it was demonstrated that as the filler content rises from 4 to 12% (by wt.), the viscosity and yield stress of the silicone compound increase, while the extrudability and translucence correspondingly diminish. For vulcanisates, as the filler concentration rises the tensile strength, tear resistance and Shore A hardness increase. Elongation and elasticity vary insignificantly. A rubber compound capable of satisfactory processing may also be obtained, however, using AEROSIL R972 with higher filling levels.
Comparison of the properties of composites containing 8% (by wt.) AEROSIL 130 and its hydrophobised equivalents AEROSIL R972 (DMDCS) or AEROSIL VPR810S (HMDS) showed that when the hydrophobic strength of the AEROSIL was increased, the condensing effect, the viscosity and the yield stress diminished and the extrudability increased, and there was a slight fall in Shore A hardness and an insignificant increase in translucence. The mechanical properties of vulcanised compounds were minimally linked to the hydrophobic effect.
A study was made of the variation in the properties of composites and their vulcanisates using hydrophilic AEROSIL 150 and hydrophobic AEROSIL R972 fillers while they were being stored at 80°C (simulation of long-term storage of non-crosslinked organosilicon compounds). The physical/mechanical properties of the vulcanisates were shown to fall during storage of composites filled using hydrophilic AEROSIL 150. After 7 days of thermal treatment, the composite loses the capacity to be cured. When hydrophobic AEROSIL R972 was used, the rubber composites retained a high level of stability during storage. The viscosity of this compound remained virtually constant. The physical/mechanical properties of vulcanisates varied insignificantly after the 7-day heat treatment. The reason for this is the low number of silanol groups on the surface of AEROSIL R972.
Work [6] presents RTV compositions cured in a hydrosilylation reaction containing precipitated (hydrophilic ZEOSIL 1165, hydrophobic ZEOSIL 1165MP) and pyrogenic (hydrophilic AEROSIL 200) silica products which were hydrophobised by introducing HMDS and water into the reaction mixture, and a detailed description is given of the composite preparation method. The make-up of the composites is given below (in % by wt.): α,ω-divinylsiloxane rubber (viscosity 1. composites the best strength properties (Shore hardness 30, breaking stress 7.3 MPa, elongation 635%, tear resistance 32 N/mm). Through use of quite cheap precipitated silica products hydrophobised with HMDS it is possible to produce composites with satisfactory properties. When ZEOSIL 1165 is used, the Shore hardness is 30, the breaking stress is 5.4 MPa, the elongation 730% and the tear resistance 25 N/mm. When ZEOSIL 1165MD is used, the Shore hardness is 28, the breaking stress is 4.7 MPa, the elongation 755% and the tear resistance 21.5 N/mm. In the opinion of the authors of work [6], use of modified precipitated silica products as fillers for RTV silicone rubbers is both sensible and economically viable. The impact of a precipitated silica product on the properties of RTV composites is also examined in works [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . The best results in terms of the rheological properties of composites were obtained using AEROSIL R8200 modified with HMDS.
IMPaCt oF FIllERS oN PRoPERtIES oF lIquId SIlICoNE RubbER -lSR
An increase in the AEROSIL content leads to a rise in Shore A hardness (from 40 to 70 units), tensile strength and tear resistance.
In respect of the level of filling with AEROSIL R812 AND R8200 fillers, the optical properties of LSR vulcanisates have high values at all filling levels. At a 20-35% AEROSIL R812S concentration, translucence is 42-38%, while at an AEROSIL R8200 content of 20-45%, translucence varies between 41 and 35%.
The product most suited to use as a filler for LSR is hydrophobic AEROSIL R8200, structurally modified with silica with trimethylsilyl groups on the surface. It was developed specially for liquid silicone rubber. It features a very small condensing effect and low viscosity, even at high filling levels, providing composites with high mechanical values. Rapid introduction into the system is caused by the relatively high packed density (140 g/l) and comparatively low specific surface (160 m 2 /g).
Also recommended for LSR filling are hydrophilic AEROSIL 200, AEROSIL 300 and AEROSIL 380, with simultaneous introduction into the composite of a hydrophobising agent, for example HMDS. Modification of these AEROSIL grades using hexamethyldisilazane enables compositions to be obtained with good rheological properties and stability during storage. In addition to their excellent mechanical properties (high tear resistance and tensile strength), vulcanisates may be obtained with a very high level of translucence.
SIPERNAT 160, a hydrophilic precipitated silica product with a specific surface of 165 m 2 /g, is readily dispersible, and provides very good rheological properties and tear resistance values following hydrophobisation in situ. In contrast to other precipitated silica products, vulcanisates produced with Sipernat 160 have a high degree of translucence.
SIPERNAT D17 is a hydrophobic silica product which is rapidly introduced into the system and disperses well. SIPERNAT D17 may be used to produce non-translucent LSR compounds. It has much better dynamic and electrical properties in comparison with hydrophilic precipitated silica products.
thE Sol-GEl PRoCESS IN thE FIllING oF RubbER
The sol-gel method is an effective way of producing composite materials filled using nano-size particles of silicon dioxide which do not form the indestructible agglomerates present in pyrogenic and precipitated silica products. To produce composite materials containing nano-size particles of silicon dioxide, hydrolysis of alkoxysilanes (chiefly tetraethoxysilane) dissolved in a polymer material in the presence of a basic catalyst (usually ammonia) is normally performed. The generation of silicon dioxide may be represented as follows:
The are 3 main ways of producing siloxane composites containing a filler using the sol-gel method:
1. Hydrolysis of alkoxysilanes dissolved in siloxane rubber, with subsequent setting of the composite;
2. Hydrolysis of alkoxysilanes introduced by the swelling method in crosslinked siloxane rubber films;
3. Hydrolysis of alkoxysilanes in an emulsion of a mixture of polysiloxane and alkoxysilane with subsequent elimination of by-products and setting of the composite.
In works [18, 19] , the first of these methods was used.
To this end, a mixture of low-molecular dimethylsiloxane rubber (M w = 5.5•10 3 and 13•10 3 ) with end vinyl groups (DVK) and tetraethoxysilane (TEOS) in the presence of tin 2-ethylhexanoate was exposed to vapours of an aqueous solution of ethylamine for 48 hours. This led to the formation of SiO 2 particles 200-300 Å in size in the form of a homogeneous dispersion. The suspension produced was dried and crosslinked by DVK end vinyl groups at 23°C for 48-72 hours. The crosslinking agent used was Si[OSi(CH 3 ) 2 H] 4 , and the hydrosilylation catalyst was chloroplatinic acid. It is stated in this work that the proposed method enables up to 62% filler to be introduced, and that the vulcanisate specimens possess high strength values.
In works [18, 20] a comparison was made between the properties of crosslinked composites based on silicone rubber with a molecular weight of 11.3 • 10 3 with hydroxyl end groups (SKTN) containing a prepared filler -pyrogenic silicon dioxide or products produced using the sol-gel process. In the former case a set amount of TEOS, pyrogenic SiO 2 and tin 2-ethylhexanoate were introduced into the rubber and the result was set in air at 20°C for 72 hours. In the latter case, TEOS, tetra(n-butoxy) titanium (TBT) and tin 2-ethylhexanoate were introduced into SKTN and set using atmospheric moisture over 24 h at 20°C. Filler formation took place as a result of hydrolysis of TEOS and TBT in the rubber. It was demonstrated that in the latter case vulcanisates feature higher strength characteristics.
Work [21] looked at the properties of vulcanisates based on SKTN with a variety of molecular weights, filled using products of hydrolysis of alkoxysilanes (AS) in the polymeric matrix: tetraethoxysilane (TEOS), vinyltriethoxysilane (VTEOS), methyltriethoxysilane (MTEOS) and phenyltriethoxysilane (PTEOS). Specimens were prepared by mixing SKTN with AS in the presence of a catalyst -tin 2-ethylhexanoate -with subsequent holding of the composites formed for 48 hours at room temperature. During the holding process there is formation of a reticulate polymer as a result of interaction of SKTN with TEOS and nano-size filler particles through hydrolysis of AS by atmospheric moisture. The presence of a filler produced in the elastomeric matrix significantly increases strength and raises the breakdown energy. As the AS content in the SKTN rose, the reinforcing effect increased. In terms of their reinforcing capacity, the hydrolysis products of the AS studied, given an equimolar content of them in the elastomer, were placed in the following order: MTEOS<TEOS<VTEOS<FTEOS.
Works [22, 23] looked at the sizes of the particles formed on hydrolysis of TEOS introduced by the swelling method in crosslinked SKTN. Hydrolysis was carried out in the presence of various catalysts. The number of filler particles formed amounted to 10-81%. Using a transmission electron microscopy method it was found that as the duration of hydrolysis increases, and also with use of a basic catalyst (ethylamine), the formation of few aggregated SiO 2 particles of small dimensions (≤200 Å) is observed. A reduction in particle size is facilitated by an increase in the catalyst concentration. The materials produced featured high strength values.
The authors of works [24, 25] looked at the properties of vulcanisates of polymethylphenylsiloxane rubber (PMPS) filled through precipitation of SiO 2 using the sol-gel process. Specimens of PMPS were dissolved in toluene, Br 2 O 2 was introduced as crosslinking agent, the solvent was removed and curing took place at 120°C for 1 h, and for 6 h at 100°C. Strips of vulcanisates were subjected to swelling in TEOS with subsequent aqueous hydrolysis of TEOS to form SiO 2 particles. An increase in strength characteristics with a rise in the SiO 2 content was found.
In work [26] , vulcanisates based on high-molecular and low-molecular polydimethylsiloxanes in which a silica filler produced by the sol-gel process by hydrolysis of TEOS dissolved in initial and crosslinked rubbers was used were shown to feature high physical/mechanical characteristics.
The authors of works [27, 28] looked at hydrolysis of TEOS dissolved in crosslinked SKTN, in an aqueous environment in the presence of ethylamine or ammonia as catalysts. The rate of the reaction and the degree of precipitation of SiO 2 rise as the catalyst concentration increases, and depend on the molecular weight of the initial SKTN. As the SiO 2 content increases, the tensile strength and tear resistance increase steeply.
A study was made of the impact of diethylamine, the sodium salt of ethylenediaminetetraacetic acid, KH 2 PO 4 and 2-amino-2-bis-hydroxymethylethanol on the rate of hydrolysis of Si(OMe) 4 (I), Si(OEt) 4 (II), Si(OPr) 4 (III) or Si(OBu) 4 (IV) introduced by the swelling method in films of crosslinked polydimethylsiloxane rubber. The degree of swelling of SKTN was 7, 94, 81 and 17% respectively. The effectiveness of hydrolysis of tetraalkoxysilane falls in the order: II > III > IV > I. Depending on the catalyst, the amount of filler formed in the swollen SKTN specimens was: for I -5.0-9.8; II -38.1-51.3; III -33.9-49.6 and IV -13.3-16.9%. The strengthening of the SKTN using this method gives an increase in breaking strength by 3 times [29] .
Polydimethylsiloxane rubber with end SiOH-groups (molecular weight 8000) was cured using TEOS. The solfraction was removed by extraction with THF. Specimens of crosslinked SKTN were subjected to swelling in TEOS, and hydrolysis of the latter using a surplus of water in the presence of bases, acids and salts as catalysts was carried out in order to precipitate SiO 2 in the polymeric matrix. Following drying of the specimens, their mechanical properties were determined, and these are shown in Table 4 [30] .
The results presented show that use of acidic catalysts is not a promising route to obtain vulcanisates filled with TEOS hydrolysis products using sol-gel processes.
Works [31, 32] looked at the process of manufacturing composites filled with ultradisperse SiO 2 or TiO 2 produced by hydrolysis of tetraethoxysilane (TEOS) or tetrabutoxytitanium (TBT) in a mixture with a 50% aqueous emulsion of polydimethylsiloxanediol in an ultrasound field. The TEOS or TBT to emulsion ratios were selected so that when the water was removed the filler content was 1-20%. The size of the particles formed was 100-400 nm for SiO 2 and 500-1200 nm for TiO 2 .
Following removal of water, the composite formed was crosslinked using a mixture of TEOS and tin dibutyldicaprylate. For vulcanisates filled with TEOS hydrolysis product, the breaking strength was 0.7-3.5 MPa and the elongation 110-140%. Vulcanisates filled with TBT hydrolysis product had a breaking strength of 0.3-2.8 MPa and elongation of 100-160%.
From the results obtained we may conclude that to obtain a filler with nano-size particles, TEOS hydrolysis must be carried out in the polymeric matrix. 
